Magneto-optic traps (MOT) are a staple in many cold atom experiments. Two primary methods of loading a MOT are to capture the cold tail of the background vapor 1 or to load from a slowed atomic beam. 2 In the latter case, an atom is slowed through the absorption of light from a counterpropagating laser detuned to the red of an atomic transition to compensate for the Doppler shift. A common method to account for the changing Doppler shift as the atom is slowed is a Zeeman slower. 3 It uses a position-dependent magnetic field to shift the energy levels of the atom so it remains in resonance with the laser and continues to be slowed.
In the first demonstration of Zeeman slowing, atoms enter a large magnetic field that decreases to zero, with the m F = |F| → m F = |F + 1| cycling transition driven by σ + polarized light. 3 However, the atoms leave the slower in resonance with the laser and their direction of motion may be reversed. In a second approach, 4 the atoms enter a region of zero magnetic field. The field increases and σ − polarized light drives the m F = |F| → m F = −|F + 1| cycling transition. As the atoms leave the slower, the magnetic field quickly decreases to zero and the atoms decouple from the laser. Another approach uses a zero-crossing Zeeman slower, where the magnetic field starts with a positive (negative) value and ends with a negative (positive) value, while maintaining the general shape of a σ + (σ − ) slower. 5 Advantages of a zero-crossing slower include a smaller absolute magnetic field and the atoms decouple from the laser field as they exit the slower. Because level degeneracies occur when going through the zero-crossing region, a re-pump laser is needed to prevent spin precession. 6 Most Zeeman slowers are made using electromagnets, where numerous coils with differing number of turns of wire create a spatially-varying axial magnetic field. Electromagnetic Zeeman slowers can require currents large enough that active cooling of the slower is necessary. A permanent magnet Zeeman slower (PMZS) does not require a power source, is not in danger of electrically shorting, and does not heat the chamber (which can cause vacuum degradation). Some permanent magnet slowers have been demonstrated utilizing strong rare-earth magnets. Cheiney et al. 7 use NdFeB magnets in an eight-pole Halbach configuration to create a σ − Zeeman slower, while Ovchinnikov has demonstrated a permanent magnet Zeeman slower using a series of magnetic dipoles 8, 9 to slow alkali and alkaline earth metals. Reinaudi et al. 10 have created a configurable permanent magnet Zeeman slower using servomotors to adjust the field in real-time to optimize slowing. Lebedev et al. 11 use a series of self-assembled spherical magnets to create the necessary field profile.
We present a guide to constructing a zero-crossing σ + Zeeman slower using a series of toroidal, flexible rubber magnets. The slower is cut longitudinally so that it "clips on" the vacuum chamber for easy attachment and removal for vacuum maintenance and baking. We simulate 85 Rb atoms slowed by our design and find an atomic flux similar to other slowers.
While the general theory of Zeeman slower construction is well known, 5 we summarize some results that are relevant to the construction of a zero-crossing slower. We assume a two-level system, whose excited and ground states (energies E e and E g ) experience linear Zeeman shifts, μ e B and μ g B, and have a zero-magnetic-field energy separation of¯ω o . In one dimension, the magnetic field necessary to maintain a laser of frequency, ω resonant (to maintain maximum acceleration) with the atomic transition as the atom slows is given by
where α ≡ (μ e − μ g )/¯accounts for the difference in Zeeman energy shifts between the ground and the excited state, = ω − ω o is the detuning, k = 2π /λ is the laser wavenumber, and v(z) is the spatially varying speed of the atoms along the Zeeman slower. If an atom of initial speed v o begins slowing at z = 0 and comes to a final velocity v f at z = z o , the magnetic field is given by
To minimize the magnitude of the magnetic field for a zerocrossing Zeeman slower, we set B(0) = B and B(z o ) = −B. This fixes = −kv o /2, and the magnetic field becomes
To determine the specifications of the slower, a speed v o is chosen. The length of the slower is then given by 6 The predicted magnetic field profile using permanent magnets matches the ideal curve to within ± 1 G between 5 cm and 76 cm.
where a = ηa max is the acceleration, a max =¯k /2m is the maximum acceleration (assuming saturation), is the natural linewidth of the excited state, and η is a phenomenological parameter that accounts for imperfections in the apparatus. Previous models show that 0.4 < η < 0.7 best reproduce actual systems. 6, 12 The desired magnetic field profile is created by a series of magnetic rings. We developed a Mathematica TM code that calculates the expected field from N rings of permanent magnets. 13 The physical parameter input includes the length of the slower, the number of magnets, one outer radius for all magnets, magnetization, width, spacing between each magnet, and the orientation. The program calculates the necessary inner radius of each magnet such that the difference between the PMZS field and the ideal field is zero at the center of each magnet. Restrictions are placed on the size of the inner radius such that it is neither larger than the outer radius nor smaller than the inner tube to which it is attached.
We first model a previously demonstrated zero-crossing σ + slower 6 using an initial velocity of 365 m/s, a final velocity of 10 m/s, η = 0.72, and an overall length of 83 cm. The slower is designed to fit over a tube with an inner radius of 1 cm. We match the ideal profile using 54 permanent magnets with an outer radius of 8.0 cm and a μM equal to 2100 G, where μ is the permeability of the material and M is the magnetization. (2100 G is chosen because it is commercially available.) To provide the negative portion of the field, the 54th, 52th, 50th, 48th, and 46nd magnets are flipped in orientation. Fig. 1 shows the predicted magnetic field and the ideal magnetic field profile similar to the slower by Bell et al. 6 In the slowing region, the magnetic field at the very beginning and end of the slower deviates from the calculated profile, and we do not expect slowing to occur. This is observed in all of our calculations. However, throughout the rest of the length of the slower, the predicted curve is within ±1 G, implying consistent cooling given that detuning variations will be within the natural linewidth of the transition. The residual magnetic field may affect experiments less than 20 cm from the output. Since the fringe field is constant, it can be eliminated with bias coils or mu metal.
To experimentally test if a real PMZS could reproduce the theoretical Zeeman slowing magnetic field profile, we built a prototype. Due to apparatus limitations, the length of FIG. 2. The theoretical magnetic field profile for a permanent magnet Zeeman slower (solid) that closely matches the ideal profile (dashed) for the prototype we constructed. The predicted magnetic field profile using permanent magnets matches the ideal curve to within ±2 G between 4 cm and 42 cm.
the slower is 45.72 cm. For the target magnetic field profile, we assume an initial speed of 300 m/s, a final speed of 5 m/s, and η equal to 1. The slower consists of 25 magnets, each 1.27 cm wide and with an outer radius of 5.715 cm. A 0.635 cm wide spacer is placed between each magnet. Figure 2 shows the ideal field for the device (Eq. (3)) and the predicted field from the PMZS after calculating the necessary inner radii. Calculations show a shorter Zeeman slower uses smaller magnets and makes it easier to match the desired field. Lengthening the slower much over 100 cm makes it challenging to smoothly match the theoretical profile without making the slower heavier and wider.
Our PMZS was fabricated using 50 square flexible magnetic sheets of 11.43 cm × 11.43 cm × 0.635 cm (two of which are glued together to give a thickness of 1.27 cm) from Adams Magnetics. Twenty four rigid Styrofoam rings were cut with an inner radius of 2.67 cm, an outer radius of 11.43 cm, and a thickness of 0.635 cm to be used as spacers between the magnets. Placing spacers between the magnets reduces the overall cost of the slower, reduces the weight, and allows for easier construction. This is especially true when creating the negative magnetic field where the orientation of some magnets is reversed. If necessary, one may attain a larger and smoother field by reducing the size of the spacers or eliminating them entirely. For magnets with an inner radius close to the outer radius, a rigid Styrofoam ring was used as filler inside the magnetic ring for support. The magnets and rigid Styrofoam filler were slid over 1 in. polyvinyl chloride (PVC) pipe. We applied glue between each magnet and spacer and between the spacer and the PVC. Unfortunately, the filler absorbed the glue and expanded. We compressed the slower to the intended length; however, the magnet position no longer matched the calculation to the necessary precision. After assembly, the slower was cut down the middle. A stainless steel shell was attached around each half, the halves connected via screws, and attached to a vacuum tube with an inner radius of 0.5 cm. Figure 3 shows a picture of the final product.
We measured the effect of cutting the magnets in half on the magnetic field. The on-axis magnetic field of a single ring was measured before and after cutting the magnet (Fig. 4) . The average difference in the magnetic field is 0.37 G. Calculations show a difference of this size will not lead to significant deviations from the expected field. We also measured the variation in the z-component of the magnetic field of the slower off-axis near the peak magnetic field, along the two radial axes parallel and perpendicular to the cut (Fig. 5) . The variation from the on-axis field observed over the length of the inner radius of 0.5 cm is small enough to not significantly affect the trajectories. This is verified in the full 3D simulations below. We find the variation is much less at lower fields along the slower. There is a difference between the two components of the magnetic field, indicating an effect from cutting the magnets. However, the effect (<0.5 G) is negligible.
An additional source of error is the variation in magnetization. The specified magnetization of the magnets was μM = 2100 G. We cut multiple magnets into toroids and mea- sured the value of μM for each magnet by matching the magnetic field profile to a theoretical curve (Fig. 4) . The average value is 2087 ± 6 G. We simulated the difference in the magnetic field profile for μM equal to 2100 and 2087 G with a fixed inner radius. The maximum deviation over the length of the slowing region is ±1.5 G. The uncertainty in the measurement of μM is affected by the standard precision of machining (0.005 in., the precision with which the flexible magnets can be cut is not as high as other materials). This implies that the actual variation in μM may be smaller and that machining the flexible magnets to a higher precision will lead to an increased accuracy in matching the desired profile.
The axial magnetic field profile of the PMZS was measured by a Hall probe (Lakeshore Model 420) in 1 cm increments on a translation stage. Figure 6 the predicted field profile. The average deviation from the expected field between 1 cm and 42 cm is 4.6 G. Over the first centimeter and the last 3 cm of the slower, the average difference is larger as predicted by our model and cooling is not expected in this region (Fig. 2) . The deviations in the center region are also larger than expected from our model.
To test the variations of the field as a function of ρ, we also measured the z-component of the field along the zdirection for a fixed off-axis position, ρ = 0.78 cm (Fig. 6(b) ). We compare this to a theoretical field that uses a Taylor expansion of the on-axis magnetic field to fourth order in ρ.
14 The off-axis predicted field varies from the on-axis desired field on the order of a few Gauss within the first and last 2.5 cm of the slower, but varies less than 0.2 G elsewhere. When comparing the measurement to the predicted field, we find similar trends to the on-axis comparison, with dips in the magnetic field near 10 cm and 28 cm, and a higher field at the end of the slower.
The most significant error is due to the magnet misalignment caused by the compression of the slower to the correct length after the glue was absorbed by the filler material. The resulting positions of the magnets were measured and found to deviate from the desired values by amounts as large as 0.55 cm. Calculating the magnetic field given the measured position of each magnet, we found deviations in the field on the order of the error observed. Using non-absorbing material as spacers or constructing a plastic shell to hold the magnets will reduce the position error down to the size of the machined material, usually 0.001 in. With this change, we predict the resulting field will match the ideal field in the slowing region to ±1 G.
We use a Monte-Carlo simulation to predict the total flux and final velocity distribution of atoms passing through a Zeeman slower. We randomly select atoms that can potentially be slowed and captured by a MOT given their radial and axial velocity from a Maxwell-Boltzmann distribution of atoms emitted by an effusive source. We model the acceleration of the atoms by the slowing laser as 5 a(z, ρ) =¯k 2m
and solve the Newtonian equations of motion. The Monte Carlo simulation is three-dimensional in magnetic field and trajectories. Figure 7 shows a variety of velocity curves for atoms without radial velocity both on-(ρ = 0) and off-axis (ρ = 1 cm) for our theoretical slower that matches the profile of that from Bell et al. 6 The laser is detuned to the red of the F = 3 to F = 4 transition by 1.6 GHz with an s 0 of 27, which corresponds to a beam with a power of 160 mW and a 1/e 2 radius of 1 cm. Atoms with an initial velocity below 35 000 cm/s are cooled to approximately 3500 cm/s, well within the typical capture velocity of a MOT. We find that atoms leaving the slowing region off-axis have a slightly higher final velocity due to the larger magnetic field, but still within the capture range of the MOT. The magnetic field before z = 0 cools lower-velocity atoms prematurely, and prevents some from reaching the MOT. Full three-dimensional simulations show FIG. 7 . Simulated velocity curves (a) on-axis and (b) off-axis (ρ = 1 cm) for the Zeeman slower similar to the slower by Bell et al. 6 The magnetic field profile is shown in black.
that 27% of the possible atoms based on their axial and radial velocity are slowed too early and do not reach the MOT assuming the magnetic field keeps the atoms in resonance with the slowing laser. However, as described by Dedman et al.,
atoms are unable to stay in resonance with the laser field and are no longer cooled. The field shown fails this condition at −7.5 cm, so atoms are no longer pre-cooled at this point. Thus, our calculations are a lower limit, since we expect a large fraction of those predicted to be lost in the simulation to be recovered in the experiment. Atoms initially at 120
• C leave a collimation tube (r = 0.5 cm) 30 cm from the start of the slower. The atoms pass through an 83 cm slowing region with a radius of 1 cm and travel 20 cm farther to the capture region. We calculate a flux of 4.8 × 10 8 atoms s −1 cm −2 , comparable to other slowers at a similar temperature. Also, the simulations assume a simple effusive source, and improvements have been demonstrated to increase the initial number of atoms to be slowed. 6 Figure 8 shows a variety of velocity curves for atoms without radial velocity both on-(ρ = 0) and off-axis (ρ = 1 cm) for our prototype slower. The laser is detuned 1.2 GHz below the F = 3 to F = 4 transition with an s 0 of 26, which corresponds to a beam with a power of 41 mW and a 1/e 2 radius of 0.5 cm. We see cooling of atoms with a maximum initial velocity of 29 000 cm/s to 1500 cm/s. Similar to the previous calculation, the simulations predict 25% of the flux is slowed too early, but we expect that to be conservative, since the field violates the condition in Eq. (5) before the atoms are lost. With a Zeeman slower tube radius of 0.5 cm and oven temperature of 90
• C, we calculate an atomic flux of 0.8 × 10 8 atoms s −1 cm −2 . However, this prototype is a proof-of-principle device to re-create the theoretically predicted field and is not explicitly optimized for loading flux.
There are several future extensions and improvements. We have used our code to model a standard σ + (non-zero crossing) slower. The desired profile can match the ideal profile to within ±1 G. The larger field requires a larger outer radius (18 cm), or higher magnetization material. To improve the design and roundness of the magnets, one can machine each half of the magnetic ring separately and then assemble the slower at the end. This method would remove the field asymmetry seen in Fig. 5 , but increase the amount of material needed and the construction time. The most critical improvement is the use of solid (non-porous) material for the spacers.
The advantages of using flexible permanent magnets over electromagnets include no excess heating, no risk of electrical shorts, and no power source. We provide a simple design that can be removed easily, and theoretically matches a previously demonstrated zero crossing slower. 6 We built and tested a prototype that demonstrates the ability to closely reproduce the fields for a zero-crossing Zeeman slower. Simulations predict an atom flux comparable to other slowers at similar temperatures.
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